It is proposed that a chemokine concentration gradient promotes vectorial leukocyte migration across the vascular endothelium during inflammation. In this study, monocyte migration across a model endothelial monolayer was assessed at defined time-points after the addition of MCP-1 (CCL2). At each time-point transendothelial migration was quantified, medium from the apical and basal surface was collected for ELISA and monolayers were stained to detect both heparan sulfate and MCP-1. Statistically significant monocyte migration was observed within 60 min of chemokine addition to the basal surface of the endothelium and an asymmetric distribution of MCP-1 across the monolayer was observed at all time-points. Dual color immunofluorescence analysis demonstrated that MCP-1 was focused into heparan sulfate-containing domains on the apical surface of some of the endothelial cells. Furthermore, no uniform concentration gradient of chemokine was observed within the space between adjacent endothelial cells with apical MCP-1 application resulting in a staining pattern identical to that observed after basal application. The addition of a functional, monomeric form of MCP-1 produced a staining pattern identical to that observed using the wild-type protein, suggesting that localized chemokine oligomerization is not responsible for generating the focal chemokine distribution. Together, these data suggest that apical presentation of concentrated, chemokine-containing domains provides sufficient stimulus to promote transendothelial leukocyte migration in the absence of the formation of a formal haptotactic concentration gradient between endothelial cells.
Chemokines are small, predominantly proinflammatory proteins with roles in leukocyte trafficking and homeostasis as well as transplant rejection and inflammatory disease. There are two major (CXC and CC) and two minor (CX 3 C and C) families, classified by the location of the first two cysteine residues within the primary protein sequence. 1, 2 Although there is a large degree of sequence diversity between members of the chemokine superfamily, there is a conserved three-dimensional structure consisting of a short mobile amino terminal, a stable core region composed of three antiparallel b-sheets and a C-terminal a-helix. Interaction with specific chemokine receptors (all members of the seven trans-membrane spanning Gprotein coupled receptor family) is via the Nterminal and an exposed loop of the core between the second and third conserved cysteines, with the N-terminus critical for signal transduction. 2 Interaction with a low-affinity receptor, the cell surface glycosaminoglycans (GAG), is usually mediated via the C-terminus of the protein and often via a specific BBXB motif. 3, 4 Chemokines display a range of affinities for the various glycosaminoglycan components of cell surface and extracellular proteoglycans, predominantly binding to the highly sulfated heparin-like species, heparan sulfate. 5 The ability to discriminate between different GAG molecules is believed to reside in paired glutamic acid residues within putative GAG-binding sites. 6 Heparan sulfate itself is a highly heterogeneous molecule. 7 Indeed, the subtle variations in GAG structure may help to determine the specific localization of chemokines within certain tissues as every cell type may have a distinct pattern of GAG expression. 8 MCP-1 (CCL2), a potent monocyte attractant, is a member of the CC subfamily. 9 It was originally isolated from mouse 3T3 fibroblasts 10 and its expression can be induced by a variety of growth factors, cytokines and bacterial lipopolysaccharide. Truncation of the N-terminal of the protein leads to a loss of function, [11] [12] [13] [14] with residues 13-35 also involved in the recognition of its receptor, CCR2. 15 Monocyte chemotaxis in response to receptor ligation is pertussis toxin sensitive, suggesting that the receptor is coupled to G ai . 16 The MAP kinases ERK1 and ERK2, the stress-activated kinases JNK1 and p38, phospholipase C, two isoforms of PI3-kinase (p85/p110 and C2a) and the Janus kinase JAK2, have all been implicated in MCP-1 signal transduction. [17] [18] [19] [20] MCP-1 is known to trigger the firm arrest of rolling monocytes on endothelial monolayers expressing Eselectin 21 and may have a role in spreading and shape change of monocytes attached to the endothelium. 22 Lys 58 and His 66 are known to be critical to the interaction between MCP-1 and heparan sulfate, 23 and competition with heparin attenuates its chemotactic potential. 24 Transendothelial migration of leukocytes in response to chemokines is a multistep process mediated by a variety of proteins. 25, 26 Initial rolling of the leukocyte along the endothelial surface, mediated by cell surface selectins, is upregulated to firm adhesion by the leukocyte integrin family and their receptors on the endothelial surface after exposure to GAG-immobilized chemokine. Leukocytes then migrate through the endothelium in a process known as diapedesis, by a coordinated rearrangement of cell-cell contacts. 27, 28 It has been proposed that a cell surface, or haptotactic, gradient of chemokine is responsible for the directed migration of leukocytes from the vascular lumen into the tissue compartment. Indeed, in static in vitro experiments, a soluble gradient does elicit the vectorial migration of a variety of purified leukocytes from areas of low to high protein concentration. 20, 24, 29 However, recent work by Cinamon et al 30 and others 31, 32 has highlighted the importance of both shear flow and apical presentation of chemokine in the direction of diapedesis in model systems.
In order to elucidate the presence of the proposed chemotactic gradient, an in vitro model system was developed based on the standard trans-well assay followed by immunofluorescent staining techniques to localize the prototypical CC chemokine MCP-1 during leukocyte migration. The role of apical presentation of chemokine within the model system was also investigated, as was the role of multimerization in the formation of focal chemokine domains on the apical surface of the endothelium.
Materials and methods

Cell Lines and Monolayer Culture
The EA.hy926 hybridoma cell line 33 was a gift from Dr Cora-Jean Edgell (University of North Carolina, USA) and was used to provide a reproducible model of vascular endothelium. Cells (125 000) were added to a trans-well chamber containing a 3 mm membrane (Falcon, BD Biosciences) and cultured to confluence in DMEM containing 10% fetal calf serum, 100 U penicillin and 0.1 mg/ml streptomycin (DMEM þ ) (Sigma, UK) at 371C in a 5% CO 2 atmosphere. The cells were then washed in DMEM þ prior to transfer to the assay wells.
Preparation of Peripheral Blood Mononuclear Cells (PBMC)
Anticoagulated fresh whole blood (20-30 ml) was extracted from healthy donors and separated over a Ficoll Paque-Plus gradient (Amersham Biosciences, UK) as previously described. 24 . The cells recovered from the interface were washed twice with DMEM prior to being resuspended at a concentration of 2 Â 10 6 cells/ml.
Standard Trans-well Chemotaxis Assay
Trans-wells containing a confluent monolayer of resting endothelial cells were transferred to 24-well plates containing MCP-1 (Peprotech, UK) at a concentration of 12.5 nM. in DMEM þ in the lower reservoir. Freshly isolated PBMC (1x10 6 ) were added to the upper chamber of the trans-well and the assembly was incubated at 371C for 30, 60 and 90 min. As a negative control for background migration, DMEM þ was substituted for chemokine in the lower chamber. Cells that had migrated from the upper chamber to the lower chamber were then collected for staining and analyzed by flow cytometry.
Apical Application of Chemokine
MCP-1 at a concentration of 12.5 nM. in serum-free DMEM was applied to an EA.hy926 monolayer for 1 h at 371C. 34 Monolayers were then washed twice for 5 min in serum free DMEM at room temperature prior to transfer to the standard migration assay system. Migration was for 90 min at 371C to allow direct comparison to the standard assay described above.
P8A Chemotaxis Assay
The monomeric MCP-1 mutant P8A 35 was substituted for wild-type MCP-1 in the standard chemotaxis assay at a concentration of 12.5 nM. Migration was allowed to continue for 90 min at 371C with the relevant negative and positive controls.
Flow Cytometry
Migrating cells were stained for 30 min at 41C with a dual-labelled anti-CD45/anti-CD14 antibody to detect the monocytic population (DakoCytomation). The samples were then analyzed on a FacScan machine using LYSIS II software (BD Biosciences). An equal quantity of fluorescent beads was added to each sample to allow direct ratiometric comparison between tubes (Flow-count fluorospheres, Beckman Coulter, USA). The data collected were further analyzed using FCS Express (DeNovo Software, Ontario, Canada) and the chemotactic index calculated as (monocytic migratory cells)/(monocytic migratory cells þ fluorescent spheres) or R2/ (R2 þ R3) (Figure 1b ).
MCP-1 ELISA
Supernatants from both the upper and lower chambers were retained after chemotaxis to determine the localization of MCP-1 in free solution above and below the monolayer. ELISA was performed according to the manufacturer's protocol using the Duoset ELISA development kit (R&D Systems). The plates were assayed on an OpsysMR 96-well plate reader (Dynex Technologies, Ashford, Middlesex, UK) at 450 nm and concentrations determined from a standard curve using the Prism software package.
Immunofluorescent Staining of Monolayers
Chemokine-treated monolayers were fixed in 2% paraformaldehyde at 41C for 1 h to prevent protein migration during subsequent stages. After washing in phosphate-buffered saline (PBS), the cells were blocked in 10% horse serum/PBS (Sigma, UK) for 15 min at room temperature. The monolayers were washed with PBS between each subsequent step and all incubations were at room temperature.
Monoclonal anti-heparan sulfate antibodies 10E4 and HepSS-1 (Seikagaku, USA) were used at a concentration of 1 mg/ml and goat polyclonal anti-MCP-1 (Santa Cruz) was used at a concentration of 2 mg/ml. The primary antibodies were applied together in 10% horse serum/PBS for 1 h. The monolayers were then blocked with 3% rabbit serum/PBS (Sigma, UK) for 15 min followed by a 1/100 dilution of rabbit-anti-goat-TRITC (RAG-TRITC; Sigma, UK) in 3% rabbit serum/PBS for 1 h. Cells were then blocked again in 3% goat serum/ PBS (GAM-FITC; Sigma, UK) for 15 min prior to the final secondary antibody application of goat-antimouse-FITC in 3% goat serum/PBS (1/100 dilution; BD Biosciences). Monolayers were cut from the trans-well chambers and mounted onto slides in fluorescent mounting medium (DakoCytomation) prior to confocal microscopy. Negative controls for nonspecific binding by the secondary antibodies were performed as described above, using 10% horse serum/PBS substituted for the primary antibody.
Confocal Microscopy
All slides were analyzed on a Leica TCS SP2 UV using v2.00. software (build 0871) under a Â 63 oil immersion objective. An argon ion laser (excitation 488 nm, emission collection window 503-563 nm) was used for FITC detection and a He/Ne laser (excitation 543 nm, emission collection window 552-617 nm) was used for TRITC detection. Fluorescence levels were set for each experiment using a positive control slide, usually detection of MCP-1 60 min after basal application, and all other slides in that series were analyzed using the same settings to allow direct comparison within each experiment. Images were captured sequentially frame by frame to eliminate crosstalk, using a 488/543 dual dichroic filter and a pinhole setting of 1.2AE. Images captured on the confocal microscope were then composited using Adobe Photoshop to give an overlapping image for both MCP-1 and heparan sulfate staining.
Radioligand Assay of MCP-1 Binding to Cultured Endothelial Cells
A series of radioligand binding assays were performed to assess the effects of heparin or chondroitin sulfate-C (Sigma) on MCP-1 binding to endothelial cells in culture. In these assays, EA.hy926 cells were cultured to confluency in 96-well plates and 125 I -MCP-1 was added at a concentration of 100 pM in the presence of either heparin or chondroitin sulfate-C at concentrations between 0 and 500 mg/ml. After incubation at 371C for 90 min, the plate was washed with HBSS containing 10 mM HEPES and 0.1% BSA (Sigma) to remove any unbound ligand. The cells were then lysed by incubation at 371C for 2 h in 1% SDS/1 M NaOH and transferred to test tubes; the radioactivity was then measured (Clinigamma; Wallac, Milton Keynes, Beds, UK). The amount of protein extracted from each well was assayed (BCA protein assay; Pierce Chemical Co., Perbio Science Ltd, Cheshire, UK) and the data were normalized to % maximal cpm per mg protein.
Results
Time-course of Monocyte Chemotaxis in Response to MCP-1 EA.hy926 cells were chosen to represent intact endothelium in a reproducible in vitro model system of transendothelial migration. These cells were formed by the fusion of human umbilical vein endothelial cells (HUVECs) with the lung carcinoma cell line A549 (ATCC CCL 185), and express many features specific to endothelial cells including Weibel-Palade bodies, endothelial cell surface markers and the capacity for adhesion to immune cells and for antigen presentation to T cells. 33, 36, 37 They also express large amounts of both N-and O-sulfated heparan sulfate on their cell surface as detected by immunofluorescence flow cytometry (data not shown) and have been used previously by this group and others to model endothelial/cytokine interactions. [38] [39] [40] Importantly, immunofluorescence microscopy demonstrated that they lack cell surface expression of CCR2, the cognate receptor for MCP-1 (data not shown).
Monocytes were identified within the PBMC population by dual staining for the general leukocyte marker CD45 and the monocyte-specific marker CD14 ( Figure 1a) ; monocytes were counted by reference to the signal generated by a known concentration of beads (Figure 1b) . The optimum concentration of MCP-1 in the subendothelial compartment required for chemotaxis was found to be 12.5 nM ( Figure 1c) ; this concentration was used in all subsequent experiments. The migration of monocytes across an EA.hy926 monolayer was found to be time dependent, with migration detectable in almost all cases after 60 min (dependent on donor) and reproducible by 90 min (Figure 1d ). Apical application of MCP-1 to EA.hy926 monolayers for 90 min prior to the addition of PBMC also elicited reproducible migration of monocytes (Figure 1e ), but to a lesser extent than that seen in the standard assay with basal chemokine. Chemotaxis assays were also performed in the presence of the monomeric MCP-1 mutant P8A (35) to assess its ability to sustain transendothelial migration and to determine if oligomerisation was responsible for the focal staining pattern observed by confocal microscopy (see below). The transendothelial monocyte chemotaxis observed in response to P8A was similar to that produced by the wild-type protein (Figure 1f ).
Asymmetric Distribution of Soluble MCP-1 across a Monolayer
Redistribution of MCP-1 across an intact EA.hy926 monolayer was rapid and asymmetric, with stable concentrations in both compartments being formed within 60 min of the addition of chemokine to the subendothelial chamber (Figure 2a, b) . The level of MCP-1 above naked membranes (no cell monolayer; Figure 2a ) was much higher than above an endothelial monolayer-covered filter, indicating that the cells provide a barrier to free diffusion of chemokine into the upper chamber. The EA.hy926 cells produce low levels of MCP-1 endogenously, but the chemokine generated in this way is distributed equally on both sides of the monolayer (Figure 2a,  b) , and does not induce significant chemotaxis. 41, 42 When the localization of MCP-1 was analyzed by ELISA after apical application of chemokine, levels of MCP-1 free in solution above the monolayer were similar to those seen in the negative control, suggesting that any cell migration observed in this system was driven solely by surface-bound MCP-1.
Although the P8A mutant protein could be detected by ELISA, values were lower than for an equivalent amount of wild-type protein, suggesting that the detection antibody epitope had been marginally affected by the mutation. However, as with the wild-type protein, EA.hy926 cells provided an effective barrier to free diffusion into the upper chamber of P8A, the obligate monomeric MCP-1 mutant (Figure 2c ).
Distribution of MCP-1 on EA.hy926 Cells by Immunofluorescence Staining
Following subendothelial exposure to MCP-1, immunofluorescence of nonpermeabilized cells demonstrated that heparan sulfate was relatively uniformly expressed across the surface of the endothelial cells (Figure 3a ; FITC stain). By contrast, the surface of cells in the same field showed a punctate distribution of MCP-1, with some cells expressing high concentrations of this protein and others expressing little or none (Figure 3a ; TRITC stain). Endothelial monolayers that had not been exposed to exogenous chemokine showed no significant expression of cell surface MCP-1 (data not shown); this is consistent with a previous study that demonstrated little MCP-1 production by resting EA.hy926 cells. 24 The antibodies used for the detection of heparan sulfate are specific for epitopes known to be important in MCP-1 binding: 10E4 is specific for molecules containing N-sulfated glucosamine, 43 while HepSS-1 binds to O-sulfated, N-acetylated glucosamine residues linked to glucuronic acid. 44 Reconstructed two-color X-Z sections allowed direct visualization of the distribution of both heparan sulfate and MCP-1 within endothelial monolayers after treatment for 60 min with basally applied chemokine (Figure 3b, c) . Heparan sulfate was found on the apical and lateral surfaces of the endothelial cells, with little evidence of local concentration. By contrast, MCP-1 was restricted to only 22% (42 of 192 cells examined in 64 preparations) of the endothelial cells; the presence of this chemokine was often, but not exclusively, coincidental with the presence of a pore in the underlying filter support. Of these cells, 26% showed a generalized apical cell surface expression of the chemokine with some evidence of distribution between adjacent cells (Figure 3b ), possibly suggesting a paracellular transport route. However, 74% of the chemokine-expressing cells showed evidence of the concentration of MCP-1 within a single site on the apical cell surface (Figure 3c) ; the yellow staining observed on the composite image is indicative of colocalization of heparan sulfate and MCP-1 at these sites.
Following apical application of MCP-1, stained monolayers exhibited the same punctate staining pattern for the chemokine on plan view as had been observed following basal application of the chemo- Figure 3d) ; this provides evidence that focal chemokine presentation is not a consequence of the mechanism of MCP-1 redistribution across an endothelial monolayer from the basal compartment.
A candidate mechanism for the development of focal concentrations of MCP-1 on the apical surface of endothelial cells is the formation of chemokine oligomers, 42 a process that is enhanced by the presence of heparan-like GAG species. 45 In order to investigate this possibility, an obligate monomeric MCP-1 mutant P8A was added to the basal chamber and immunoreactive protein was subsequently identified on the apical surface of the model endothelium. As for the wild-type chemokine, it was found that the mutant protein was largely concentrated into focal regions on the apical surface of 26% (23 of 87 cells examined in 29 preparations) of the cells (Figure 3e ). This suggests that the formation of chemokine oligomers is not required for focal presentation of chemokines on the apical surface of the endothelial monolayer.
Competition of Cell Surface MCP-1 Binding by Heparin
In order to explore the interaction between MCP-1 and GAG on the apical surface of the model endothelium, a series of radioligand competition assays were performed in the presence of heparin and the structurally unrelated GAG, chondroitin sulfate-C (Figure 4 ). It was found that titration into the medium of an increasing concentration of soluble heparin, but not of chondroitin sulfate-C, inhibited binding of 125 I-MCP-1 to the surface of confluent cell cultures. This provides direct evidence that MCP-1 binds normally to heparin-like GAG on the cell surface. Importantly, the concentration at which soluble heparin reproducibly inhibited MCP-1 binding to the cell surface (250 mg/ml) was similar to that estimated for heparan sulfate within the proteoglycan layer on the endothelial cell surface (200-500 mg/ml).
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Discussion
Chemokine expression plays a crucial role during the recruitment of immune cells to areas of inflammation by promoting migration across the vascular endothelium. Vectorial migration in response to a chemokine concentration gradient has been thought to drive this recruitment, but blood flow would prevent the formation of a stable gradient within the vascular lumen. Consequently, the discovery that chemokines are bound by cell surface GAG gave rise to the theory that haptotactic, or cell-bound, concentration gradients provide vectorial information in vivo.
5,47 A variety of experiments have shown that GAG are critically important for chemokine activity, 3, 5, 23, 48 with loss of cell surface heparan sulfate severely limiting chemokine activity. 34, 42, 49 Soluble chemokine concentration gradients have been shown to direct immune cell migration in vitro. During inflammation in vivo, it is likely that chemokines produced by subendothelial tissues contribute to the recruitment of blood-borne leukocytes following redistribution and presentation on the apical surface of the endothelium. However, before the present study, neither this process nor the potential development of a transendothelial haptotactic gradient has been directly visualized after basal application of chemokine.
In this study, confocal analysis showed that MCP-1 was predominantly sequestered on the apical cell surface within 60 min of application below a confluent model endothelium. Although the chemokine staining observed between some of the endothelial cells provided data consistent with a paracellular transport route, a classical transendothelial haptotactic concentration gradient was not identified. Indeed, the highest concentration of cell-associated chemokine appeared on the apical surface at those time-points for which significant monocyte migration was observed.
As the cells were not permeabilized to allow efficient detection of intracellular chemokine, it is not possible to exclude the contribution of a transcellular transport route, such as that observed during IL-8 redistribution. 50 However, the focal distribution of MCP-1 observed on the apical cell surface is unlikely to be related to discharge of transport vesicles, as a similar pattern of focal chemokine distribution was observed following apical application of MCP-1.
The finding that the sequestration of MCP-1 onto the endothelial cell surface could be competitively inhibited by addition of soluble heparan-like GAG was consistent with the observed colocalization of MCP-1 with cell surface heparan sulfate. However, it is clear that the focal distribution of MCP-1 was not regulated solely by the presence of similarly distributed heparan sulfate as this GAG was found across the entire cell surface. A similar focal distribution has been reported for cell surface FGF-2; 51 in this case, the growth factor complexes with heparan sulfate to form protein-rich 'microdomains', which are distinct from the lipid rafts involved in FGF-2 signal transduction.
The capacity of heparan sulfate to bind chemokines is known to depend on the distribution and chemical composition of sulfated polyanionic motifs within the GAG chain. Although the precise structure of MCP-1-binding motifs has not been defined, there is a clear requirement for both N-and O-sulfation. 5 Recent work from our group has shown that the availability of chemokine-binding motifs can depend on changes in the expression of sulfotransferase enzymes, such as N-deacetylase/Nsulfotransferase-1. 52 Hence, chemical microheterogeneity within the cell surface heparan sulfate population provides a possible explanation for the focal accumulation of MCP-1.
An alternative explanation is that the cell surface distribution of the proteoglycan core proteins to which heparan sulfate chains are attached could focus the availability of suitable MCP-1-binding sites. For example, members of the glypican family are attached to the cell surface by GPI anchors and are known to be sequestered in lipid rafts, while members of the syndecan family are linked to the cytoskeleton 53 and are differentially sequestered on the cell surface. 7, 8 It has been proposed that cell surface GAG form a scaffold within which chemokines are assembled into multimers. 45 While MCP-1 has been found as a dimer in solution at concentrations in the physiological range and as a tetramer at higher concentrations, this appears to have no functional significance as obligate monomers show a normal activity. 35, 42, 44 Chemokine multimerization within the cell surface GAG layer could provide a further explanation for the focal distribution observed for MCP-1. However, this possibility can be discounted because a focal distribution of MCP-1 was also observed following treatment of the model endothelium with a monomeric MCP-1 mutant.
Following definition of the apical pattern of MCP-1 distribution under standard assay conditions, the distribution and biological activity of apically applied MCP-1 were also assessed. As seen for RANTES (CCL5), apically bound chemokine was sufficient to promote leukocyte migration, although to a smaller extent to that observed under standard assay conditions. 34 These observations are consistent with a recent study that has shown that, at least for lymphocytes, a transendothelial concentration gradient is not necessary for transendothelial migration, with apically bound chemokine providing a sufficient cue. 30 In this study, we demonstrate that MCP-1 is rapidly redistributed from the basal to the apical surface of a model endothelium leaving no evidence of a haptotactic concentration gradient between the cells constituting the monolayer. Significantly, the chemokine presented on the apical endothelial cell surface is focused into discrete regions. While this interaction is dependent on heparan sulfate, it is not regulated solely by the presence of this GAG. We suggest that this provides a mechanism for concentrating chemokines, which are produced in small quantities by subendothelial tissues, onto the apical surface of the endothelium in order to promote efficient activation and recruitment of blood-borne leukocytes.
